Effect of Rht alleles on the tolerance of wheat grain set to high temperature and drought stress during booting and anthesis
Introduction
Predicted increases in the frequency of heat waves and droughts threaten crop production and food security (Wheeler et al. 1996a , Easterling et al. 2000 , Porter and Semenov 2005 , Semenov, 2007 . Cereals are notably susceptible to heat and drought stress at meiosis, coincident with booting, and also during anthesis (Barnabás et al. 2008) . Wheat is a particularly susceptible cereal with temperatures above 30°C between booting and anthesis causing dramatic reductions in grain set associated with impaired production, viability and functionality of reproductive tissues (Saini and Aspinall, 1982a , Saini et al. 1983 , Wheeler et al. 1996a , Ferris et al. 1998 .
It is possible that sensitivity of wheat fertility to heat and drought stress is partly due to the widespread use of the semi-dwarfing alleles that underpinned much of the wheat Green Revolution. Rapid increases in wheat yields in major growing areas of the world from the 1960s to the 1990s were associated with: reducing wheat statures to less than 1.0m; increasing harvest index and reducing lodging risk in fertile and humid conditions (Gooding, 2009) . By the 1990's 80% of registered wheat cultivars contained a semi-dwarfing Rht allele and in over 90% of these cases the allele was either Rht-B1b or Rht-D1b (Worland et al. 1998 ). The Rht-1 alleles encode for DELLA proteins (Peng et al. 1999 ) which repress gibberellic acid (GA)-responsive growth (Murase et al. 2008, Achard and Genschik, 2009). Both Rht-B1b and Rht-D1b: are from the Japanese wheat 'Norin 10'; reduce sensitivity to endogenous gibberellins (GA); reduce final crop height by about 15% in UK field conditions ; and contain single nucleotide substitutions causing premature stop codons in the N-terminal coding region, possibly leading to more repressive forms of DELLA (Pearce et al. 2011 ). More potent alleles, giving severe dwarfism, are available at both loci: Rht-Blc from 'Tom thumb' produces a predicted 30-amino-acid insertion within DELLA (Pearce et al. 2011) , and a 50% reduction in height; and Rht-D1c from 'Ai-bian' ) over-expresses Rht-D1b through increased gene copy number (Pearce et al. 2011) , and reduces height by about 55%. Despite, their widespread use, early reviews suggested that both Rht-B1b and Rht-D1b may confer 4 increased sensitivity to drought and heat stress (Gale and Youssefian, 1985) . In particular, it is known that GA-signalling is critical for the normal development and functioning of reproductive tissues (e.g. Mutasa-Gottgens and Hedden, 2009 ) and interference with GA-signalling may explain why preliminary work (Law et al. 1981, Law and Worland, 1985) found Rht-B1b, RhtD1b, and Rht-B1c to be associated with marked reductions in fertility in response to increased temperatures (e.g. 30/27°C day/night for 18h days) during booting. Further circumstantial evidence is that Norin 10 alleles have reduced selection frequencies in areas of southern Europe, where there is an increased likelihood of high temperature events during meiosis (Worland, 1986) , and Sip et al. (2011) note a recent decline in the use of Rht-B1b and Rht-D1b in areas further north, in central Europe.
Given the prevalence of GA-insensitive dwarfing alleles in the world's wheat production, and the possibility that they may increase sensitivity to stresses predicted to become more frequent in climate change scenarios, there is an urgent need to clarify the effects of GAinsensitivity on tolerance to high temperature and drought during booting and anthesis. Here we compare grain set in near-isogenic lines (NILs) varying for Rht-1 semi-and severe dwarfing alleles with alleles that retain GA-sensitivity: rht(tall); the semi-dwarfing Rht8 present in many Southern European wheats (Worland et al. 1998 ) that may interfere with brassinosteroid signalling (Gasperini et al. 2012) ; and Rht12, a severe-dwarfing (about 60% height reduction), gamma ray-induced allele from 'Karcagi 522' ).
Materials and methods

Growing conditions and experimental design
Three complete factorial pot experiments (Table 1) Saini and Aspinall (1982b) in that stress was applied for three days to detect effects of tolerance, rather than escape due to variations in growth stage within spikes (Lukac et al. 2012) . Timing of transfer depended on the growth stage of the pot and treatment: when at least two main stems had just reached the end of booting (GS 47 or 49; Zadoks et al. 1974 ; Expts 2 and 3), and when at least two ears per pot had just reached full anthesis (GS 69; Expts 1 and 2). In Expt 3 cellophane crossing bags (55  190 mm, ref. no.
PKS 15000-00; Focus Packaging and Design, Louth, UK) were placed over all the ears in half of the pots before transfer to the cabinets at booting.
Whilst in the cabinets, when irrigation was provided, it was applied by an automatic irrigation system to broadly maintain pot weight of the pots in the highest temperature treatment.
Pots were weighed as they went in to, and came out of the cabinets. The attempt to maintain pot weight by irrigation in the highest temperature treatment was broadly successful (Fig. 1 ), whilst the reduction in weight of the non-irrigated pots indicated the imposition of a severe drought by the end of the three days.
Stems in a pot were scored and tagged for their growth stage when the pot was transferred.
Ears tagged as at different growth stages when transferred to the cabinets were harvested and assessed from each pot separately. Numbers of ears and spikelets were counted before the ears were threshed, cleaned and counted by hand. For the anthesis treatment, data from those ears assessed as at GS 69 on transfer were omitted from further analyses on the basis that the earliest flowers on such ears could have been fertilized four or five days earlier (Lukac, personal communication) , and hence beyond the susceptible growth stage Aspinall, 1982b, Stone and Nicolas, 1995a,b,c) . Similarly for the booting treatment, data from ears scored earlier than GS 41 at transfer were not included in further analysis. Following these omissions, each pot produced an average of 9 ears within the selected growth stage range, each with an average of 19 spikelets.
Statistical methods
The effects of stress treatments on grains per pot reflected grains per spikelet rather than ear number or spikelet number, so all analyses concern effects on mean number of grains per spikelet. Temperature treatments within an experiment were not replicated in different growth cabinets so initial separate ANOVAs, using pot means as the experimental unit, were restricted to the factorial combinations represented at each temperature (NIL in Expt 1, NIL  timing  irrigation in Expt 2, NIL  irrigation  bagging in Expt 3). No ANOVA was conducted at the highest temperature in any experiment due to excessive variance heterogeneity.
In fitting the response of grains per spikelet to temperature it was presumed from previous work that the minimum day: night temperature of 20: 12 o C would not be a constraint to grain set (Wheeler et al. 1996b; Subedi et al. 2001; Prasad et al. 2008) , and also that increasing the temperature would only cause a significant reduction in grain set after a critical temperature had been exceeded (Wheeler et al. 1996b; Craufurd et al. 2013) . Previous fits to these types of data set have involved curved responses (e.g. Wheeler et al. 1996b ), or linear declines from a maximum after a critical temperature had been reached (e.g. Craufurd et al. 2013) . Here, the
The logistic function [1] was chosen as responses could not justify (P<0.05) more than three parameters, and the fits routinely explained more variance than other three parameter models tested (e.g. a linear decline from a maximum, or the gompertz model with constant omitted). A critical temperature was arbitrarily chosen as that which caused a 5% reduction [2] in grain set.
[1]
Where c gives the maximum y when there is no heat stress, b is the logistic rate scalar, and m is the temperature at which y is 50% of c i.e. m=temperature (t) 50 .
[2] critical temperature
Finally, a combined residual maximum likelihood (REML) analysis over all experiments was conducted on the estimates of t 5 and m (i.e. t 50 ) with a fixed model of the main effects and two factor interactions among NIL  Irrigation  Timing, with the three factor interaction and effects of year (random) assigned to error (24 d.f.).
Results
Experiment 1
Increasing day temperature from 30°C to 35°C for three days around anthesis decreased grain numbers per spikelet in all four lines (Fig. 2a-d) . The logistic function appeared broadly sufficient but the reduced number of treatments in the sensitive range between 30°C and 40°C led to estimates of b and m being highly correlated and very dependent on observations at 35 o C.
At 35°C the GA-sensitive alleles (Fig. 2a,b) had similar levels of grain set, which were significantly (P<0.05) higher than that achieved by the GA-insensitive Rht-D1b (Fig. 2c) and, most notably the severe dwarf Rht-D1c (Fig. 2d ). In the case of Rht-D1b, however, the effect was insufficient to alter the estimate of the critical temperature (around 32°C), relative to the GA-sensitive lines.
Experiment 2
For each of the most discriminatory temperatures (30°C, 33°C, 36°C) there were highly significant (P<0.01) interactions between irrigation and timing of stress on grains per spikelet ( Fig. 2e-r ; Fig. 3a-h ). Averaged over NIL, withholding water had a more dramatic effect on critical temperature at booting, than at anthesis ( Fig. 2e-r ; Fig. 3a-h ). There were, however, NIL  Timing  Irrigation interactions (P<0.05) at 33°C, and NIL  timing (P<0.001) and NIL  Irrigation (P<0.01) interactions at 36°C. There were a number of contributory effects to these interactions: the effect of drought at booting tended to be more severe in the M. Widgeon NILs (Fig. 3a-d ) than in the Mercia NILs (Fig. 2e-k) ; although withholding water at anthesis generally had little effect on critical temperature, this was not the case for the GA-insensitive Mercia+Rht-D1b (Fig. 2p ) and M. Widgeon+Rht-B1c (Fig. 3h) ; the GA-sensitive Mercia+Rht8 showed marked tolerance of drought at booting, even at temperatures as high as 36 o C (Fig. 2f) .
Mercia+Rht-D1c appeared more sensitive to increasing temperature (Fig. 2k,r) than other lines; consistent with its performance at anthesis in Expt 1. This was not due to severe dwarfism per se, as can be deduced by comparison with both the GA-sensitive Mercia+Rht12 (Fig. 2g,n) and the GA-insensitive Rht-B1c (Fig. 2j,g ).
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Experiment 3
At both 33°C and 36°C there were NIL  Irrigation interactions (P<0.05, <0.001 respectively).
There was no evidence that semi-dwarfing with GA-insensitive Rht-B1b increased susceptibility to heat and drought in Merica (Fig. 2s,u) or in M. Widgeon (Fig. 3i,j) . When irrigated, at 36°C
rht(tall) reduced grain set was again particularly evident for Rht-D1c (Fig. 2v) , but a major contributor to the interaction with irrigation was the greater susceptibility of Rht12 to drought in this experiment (Fig. 2t) .
The use of crossing bags to prevent out-crossing between ears and plants in different pots had no significant (P>0.05) main effect on grain set nor any strong interacting effects with NIL or Irrigation at 33°C or 36°C.
Combined analysis extended to 33.9°C ± 0.50. At anthesis, drought had a less severe effect (t 5 = 29.9 ± 0.47) whilst heat with irrigation (t 5 = 31.7 ± 0.47) was more damaging than the same conditions at booting.
A contribution to the NIL  Irrigation effect was the reduction in t 5 of Mercia + Rht-D1b when water was withheld, particularly when compared to the response of Rht8 (Table 2) . When averaged over Irrigation and Timing there was a progressive reduction in t 5 with degree of dwarfing associated with Rht-D1 allele in Mercia from rht (tall), to Rht-D1b, to Rht-D1c (Table   2 ). There was however, no similar progression with alleles at the Rht-B1 locus, or any reduction in average t 5 with GA-insensitive alleles in M. Widgeon.
For the logistic time scalar i.e. t 50 there were strong effects of Timing  Irrigation (P<0.001), and NIL  Timing (P<0.001), but not, in contrast to t 5 , for NIL  Irrigation (P=0.56).
Combining drought with heat was again particularly damaging at booting (Water withheld, t 50 = 31.3 ± 0.65; irrigated = 36.9 ± 0.65) compared with at anthesis (Water withheld, t 50 = 34.2 ± 0.70; irrigated = 36.3 ± 0.64). A major contributor to the NIL  Timing effect was the relative tolerance of Rht8 to stresses at booting (Table 3) .
When averaged of Irrigation and Timing only
Rht-D1c had significantly lower t 50 than rht(tall).
Discussion
The primary purpose of these experiments was to determine whether the adoption of GAinsensitive lines had reduced the heat and/or drought stress tolerance of winter wheat, as had been suggested by preliminary work by Law et al. (1981) and Law and Worland (1985) . The dramatic reductions in grain set previously reported were not found. There was some evidence that dwarfing alleles at the Rht-D1 locus could reduce grain set under stressed conditions compared with GA-sensitive lines of comparable heights. However, over different backgrounds and loci, semi-dwarfing with GA-insensitivity conferred by the Norin 10 alleles was not consistently associated with poor grain set under stress. In comparison to effects of semidwarfing alleles, responses to heat stress are much more dramatically affected by water availability and the precise growth stage at which the stress is experienced by the plants.
Effects of environment
These results confirm the susceptibility of wheat to heat and drought stress during booting, and again at flowering (Westgate et al. 1996; Barnabás et al. 2008 ). Drought, with or without heat, can increase spike and floret concentrations of abscisic acid (ABA), which can be related closely with poor grain set (Westgate et al. 1996; Weldearegay et al. 2012) . Additionally, heat and drought can reduce photosynthesis, and the subsequent dilution of sucrose in the ear can be associated with floret abortion (Barnabás et al. 2008) . Furthermore, temperatures above 30 o C during meiosis can interfere with division and lead to abnormal pollen development (Saini et al. 1984) . Young et al. (2001) suggest induction of protective heat shock proteins in developing and mature pollen grain can be insufficient to meet demand following heat stress; and that this failure correlates with the poor thermotolerance of pollen and reduced grain set.
The results presented here are consistent with the findings of Saini and Aspinall (1981) i.e.
that grain set in wheat is particularly sensitive to water deficits during booting. There is a clear interaction with heat. Higher temperatures increased the water deficit, and presumably also the duration of drought. The more rapid onset of drought would also have affected the precise timing of stress. Drought reduces capacity for evaporative cooling, and hence lessons possible escape from high air temperatures (Reynolds and Trethowan, 2007; Craufurd et al. 2013 ).
Nonetheless, the much greater effect of withholding water during booting, compared with drought during anthesis suggests a specific heightened sensitivity to drought during booting;
presumed to be broadly coincident with completion of meiosis Aspinall, 1981, 1982b; Westgate et al. 1996) .
Our results confirm and support a critical temperature during anthesis for grain set in irrigated wheat of around 31°C (Wheeler et al. 1996b, Porter and Gawith, 1999) , despite different models used to fit responses and the alternative genotypes used in earlier work.
Effects of Rht allele
The occasional reductions in grain set at some discriminatory temperatures for Rht-B1b and RhtD1b, and the progressive reduction in average t 5 for rht (tall), Rht-D1b to Rht-D1c in Mercia do suggest some risk for reduced heat stress tolerance with the use of GA-insensitive alleles.
Moreover, the repeatedly compromised grain set and increased susceptibility to heat stress of Rht-D1c, an allele associated with over expression of Rht-D1b (Pearce et al. 2011) , is consistent with the importance GA-mediated responses in floral development and fertilization processes (Hou et al. 2008, Mutasa-Gottgens and Hedden, 2009 ). However, the similarities in responses of rht(tall), Rht-B1b, Rht-D1b and Rht-B1c when averaged over Mercia and Maris Widgeon backgrounds, appear to contradict the preliminary findings of Law et al. (1981) and Law and Worland (1985) that GA-insensitive alleles confer very marked intolerance of heat stress at booting. It is difficult to explain this inconsistency except, perhaps, to highlight the potential importance of growth stage and water status variations. Amongst all the lines used here, dwarfing is associated with delayed anthesis and it was important, therefore, to time transfers of pots on GS rather than on calendar day. Our findings would suggest that the 'normal' expression of the Rht-D1b or Rht-B1b allele singularly, within the polyploidy context, is insufficient to routinely compromise grain set at high or benign temperatures. This reduced risk is further supported by the robust fertility of Rht-B1c reported here which was in spite severe dwarfing (but less so than Rht-D1c) with GA-insensitivity.
There are several reasons why dwarfing per se could influence tolerance to heat stress.
Amongst the alleles used here, above-ground biomass at anthesis has been linearly-related to height ). The reduced biomass at anthesis of dwarfed lines could have influenced assimilate availability, evaporative cooling, and water use. More specifically, DELLA protein has been implicated in tolerance through reducing growth rates during periods of stress (Achard et al. 2006) . However, the shortest plants were from Mercia+Rht12, which produced a temperature response of grains per spikelet much more similar to rht(tall), than to Rht-D1c. i.e. in these experiments, stature per se can only have been a minor contributor to the effects of allele on heat stress tolerance.
The critical temperature of 31°C just before anthesis estimated by Wheeler et al. (1996) was for an elite, semi-dwarf line carrying one of the Norin 10 GA-insensitive alleles (Rht-D1b). We have no general basis to increase this critical temperature for more GA-sensitive lines. However, the apparent tolerance of Rht8 to drought at booting requires further investigation. The effect cannot be ascribed readily to GA-sensitivity given the comparative intolerance of the other GA-sensitive lines: rht(tall) and Rht12. Rht8 appears to reduce height through reduced sensitivity to brassinosteroids (Gasperini et al. 2012) . Amongst many processes, brassinosteroid signalling is important for stomatal development (Casson et al. 2012) , which would have implications for water use and drought tolerance. However, the links between any modifications of stomatal development and the drought tolerance of Rht8 reported here remain highly speculative. It is notable that in the field, near isogenic lines with Rht8 have produced inferior yields to those with Rht-D1b and Rht-B1b where maturation has been into a terminal drought (Lanning et al. 2012 ).
In conclusion, although there are significant NIL  environment interactions within experiments it is difficult to routinely ascribe these to effects of GA-sensitivity or height.
Combined analyses over all experiments and genetic backgrounds do not suggest that reducing sensitivity to GA necessarily confers reduced tolerance to heat and drought in pot experiments.
In heat and drought-stressed field conditions, reports of negative impacts of GA-insensitive alleles on yield (i.e. Rht-D1b and Rht-B1b yield less than rht(tall)) are very rare (Butler et al. 2005 , Matthews et al. 2006 ; thus supporting our suggestion that semi-dwarfing with reduced sensitivity to GA does not necessarily confer special intolerance of grain set to stresses at booting and anthesis. It would seem from our experiments that any differences in the field are more likely to be due to differences in water availability, possibly as a result of effects on root architecture and function that cannot be expressed within the confines of a pot (Wojciechowski et al. 2009) , and/or adaptive significance of the timing of the onset and duration of susceptible growth stages. 
